Summary: We used near-infrared spectroscopy (NIRS) to study noninvasively the influence of aging on changes in the local concentration of oxygenated hemoglobin ([Hb02] 
(-0.11 ± 0.48) decreased. Elderly subjects (n = 17; age, 52 ± 10 years) showed a significantly lower mean inCerebral oxygen metabolism is influenced by ag ing. So far, such changes have been demonstrated in positron emission tomography (PET) studies (Leenders et aI., 1990; Rapoport, 1991; Heiss et aI., 1992; Marchal et aI., 1992) , Although providing valuable new data on brain metabolism, the PET technique is expensive, time-consuming, and asso ciated with the use of radioactive compounds, Near-infrared spectroscopy (NIRS), a simple bed side technique, permits noninvasive and continuous monitoring of changes in oxygenated ([Hb02D and deoxygenated (reduced) [HbR] hemoglobin (Hb) (J6bsis, 1977; Cope and Delpy, 1988 ; for review see Chance, 1991) , [HbR] total hemoglobin ([HbTD, Assuming that the hemat ocrit is constant, the changes in [HbT] are used as an indicator of alterations in cerebral blood volume (Wyatt et aI., 1990) . We and others have recently been able to demonstrate that NIRS is able to detect changes in Hb oxygenation during brain activation (Chance et aI., 1993; Hoshi and Tamura, 1993a; Kato et aI., 1993; ViIlringer et aI., 1993) , The pur pose of the present study was to evaluate the sen sitivity of the NIRS technique to assess differences during normal aging, The hypothesis was that the increase in brain tissue [Hb02] and [HbT] as a re sponse to brain activation is age dependent.
METHODS
Twenty-nine human subjects were examined, 12 young healthy volunteers (mean age, 28 ± 4 years; eight fe males, four males) and 17 elderly healthy volunteers (mean age, 52 ± 10 years; 10 women, seven men), The elderly subjects were carefully examined: The medical screening included a general laboratory screening (includ ing hematocrit), an ECG, and an EEG as well as a phys ical and neurological examination. All subjects were healthy and free of medication. Informed consent was taken from all subjects before each investigation, The principles of transcranial NIRS have been de scribed in detail . We used the NIRO 500 system (Hamamatsu Photonics K.K.), which uses the difference of the absorption spectra of [Hb02] and [HbR) in the near-infrared. The measurements were performed in the reflection mode. The light from the laser diodes (wavelengths, 775, 825, 850 , and 904 nm) is guided through a fiber-optic bundle, the end of which (the first optode: admission of near infrared light) is placed strictly at the same site in each subject, on the left fore head in the Fp2 position according to the international EEG 10--20 system. Another opt ode leading to the pho tomultiplier is placed at a distance of 4 cm in a horizontal line lateral to the first optode. The brain volume mea sured corresponds to a banana-shaped figure beneath the two optodes placed on the head surface (Gratton et al., 1994) . For the light source, the laser diodes are pulsed at 1.9 kHz; thus every pulse has a duration of 100 fJ.-S. The reflected light is conducted by an optical fiber to a pho tomultiplier tube, which is connected to a multichannel photon counter; the number of photons at each wave length is compared with the light output of the lasers Wray et al. (1988) . We esti mated the pathlength by multiplying the interoptode dis tance (4 cm) with the differential path length factor (DPF) for the adult head [5.93 (van der Zee et al., 1992b») . All values were averaged and described as mean (arbitrary units) ± standard deviation. Assuming that this path length estimate is correct, these "arbitrary concentration units" correspond to micromolar.
Subjects were lying in a convenient position throughout the examination. The sampling time for each photon count was 2 s. The examination included a period of rest (2 min), a period of cognitive stimulation (subjects had to perform a calculation task; the period of activation lasted 2.75 ± 1.30 min), and a subsequent period of rest (2 min). Subjects had their eyes closed during the whole experi ment. The calculations (such as 100 -3, 97 -3, etc.) were performed aloud; one test series was done per person. The calculation task was chosen because in previous studies we observed typical changes in NIRS variables ([Hb02] and [HbT] increase, [HbR] decrease) in young healthy volunteers (Villringer et al., 1993) . The task was not a uniform calculation task: The difficulty of the tasks was adapted to the calculating abilities of the subject, so that each subject was exposed to a sufficient degree of difficulty. This was expected to provoke sufficient brain activation. The study by Hoshi and Tamura (l993a) indi cated that no changes can be detected when problems are solved without difficulty for the subject.
The statistical analysis was as follows. '"'
:0 group was statistically significant (X 2 =, 5.340, p = 0.021).
Interestingly the duration up to the maximum of alteration of the NIRS variables during activation between the groups: young, mean time of 1.94 ± 0.46 min; elderly, mean time of 2.5 ± 1.2 min.
DISCUSSION
Several PET studies have demonstrated an age associated decline in cerebral blood flow, cerebral blood volume, and cerebral metabolic rate of oxy gen in resting states (Pantano et a!., 1984; Yamaguchi et aI., 1986; Leenders et a!., 1990; Marchal et a!., 1992). Using NIRS, we have shown that Hb oxygenation in response to brain activation is also influenced by physiological aging. The mean in creases in both [Hb02] and [HbT] during cognitive activation were less pronounced in older than in younger subjects.
Since NIRS is a new method, one must consider thoroughly its advantages and limitations. First, in the present implementation of the NIRS method, the absolute baseline concentration of [HbR] and lHb02] cannot be obtained. This would require the 
Age (Years)
Age (Years) exact quantification of the optical pathlength of the near-infrared light in brain tissue in each experi ment and for each wavelength. Methods to solve this problems are on the way (combination with simul taneous photon time of flight measurements). Since the absolute baseline value is not known, the mea surements refer only to changes in absolute concen trations. Therefore one may argue that due to brain atro phy during aging, the brain volume under investiga tion was smaller in the elderly than in the young group and that this may have produced our results. However, data on brain atrophy in adults measured by computed tomography suggest that, between 20 and 60 years, there is only minor brain atrophy and that pronounced brain atrophy begins after the age of 60 (Yamamura et aI., 1980; Takeda and Mat suzawa, 1984) . Since our elderly subjects have a mean age of 52 years, there is probably only minor atrophy in this group as compared to the younger group.
Second, if the reduction of the increases in [Hb02] and [HbT] , respectively, in the elderly group were just the consequence of measuring less brain tissue, one would expect that the changes dur ing brain activation in young and elderly differ only quantitatively, and not qualitatively. But the acti vation-induced changes in Hb oxygenation differ not only quantitatively, but also qualitatively be tween the two groups. All young subjects showed an increase in [HbT] during brain activation; how ever, in 35% of the older subjects there was a de crease in [HbT] (p = 0.021). This qualitative differ ence between the two groups cannot be explained by a mere difference in the measured brain tissue volume. Again, pathlength measurements in each experiment and for each wavelength would help re solve the issue of whether the amount of brain in the field of view of the NIRS system was different in the young compared to the elderly.
J Cereb Blood Flow Metab. Vol. IS, No.6. 1995 Two other assumptions concerning the optical pathlength had to be made in the present study.
(I) The pathlength does not undergo major changes during physiological brain activation.
(And if it does, this should apply for the young and the elderly subjects equally.) (2) The pathlength value obtained for the adult brain does not change dramatically with ag ing. To explain some of our findings it would have to change by a factor of at least 2. And this would still not explain the drop of [HbT] in some of the elderly subjects. It is also important to note that opt ode position ing has an influence on the DPF, with changes with angular position of the sphere (van der Zee et aI., 1992a). To avoid effects of different optode posi tions on the signal, we chose exactly the same site in each subject. van der Zee et al. (I992b) showed that the DPF for several tissues studied (adult head and calf, forearm, and head of the newborn infant) was constant once the interoptode spacing ex ceeded 2.5 cm. In our study the interoptode dis tance was 4 cm. In addition, potential alternative mechanisms for producing activation-induced changes in NIRS spectra have to be taken into con sideration, such as extracranial muscle and skin chromophore sources. At the site of measurement (left forehead), skin as a possible chromophore source (but not muscle, because the temporal mus cle was avoided) was present. In a previous study (Villringer et aI., 1993) we showed by simultaneous laser Doppler measurements that NIRS measure ments on the left forehead are not significantly af fected by skin blood flow; however, minor contri butions cannot be excluded. This finding is in agree ment with the data of Smith et al. (1990) , who concluded that the contribution of extracranial tis sues, particularly skin, to the total NIRS signal, is <5%. Complete elimination of extracranial signal contribution, e.g., by a subtraction employing an extracranial reference optode, seems a feasible and desirable improvement of the method (McCormick et aI., 1992) . Another limitation of the NIRS method is the poor spatial resolution, restricting the signal to a small brain volume beneath the optodes placed on the head surface (Gratton et aI., 1994) . In the present study the left frontal cortex was chosen as the site of measurement. Of course it is very likely that other brain regions are also activated during the calculation task. Therefore it must be emphasized that we have measured one of the brain regions that are activated during calculating that is easily acces sible to the NIRS method. However, it would be interesting to detect regional specific changes in Hb oxygenation in response to various mental tasks. To address this issue, multichannel near-infrared opti cal imaging techniques are in development (Hoshi and Tamura, 1993b) .
Even considering these limitations, our finding of an age-dependent alteration of activation-induced changes in [Hb02] and [HbT] is still evident.
There are three possible interpretations of this finding.
(1) In older subjects, there is "less activation" of brain tissue an d hence less metabolic demand during brain stimulation, which would require a smaller blood flow increase. (2) Other brain regions are activated during per formance of the calculation task due to al tered functional brain , organizati o n. (3) The mechanisms of coupling between brain cell activity and blood flow are altered. Such an alteration in the coupling may attenuate the (physiological) temporary mismatch be tween oxygen delivery and consumption that probably is responsible for the increase in [Hb02] during brain activation (Fox and Raichle, 1986) . This may offer an explanation for the drop in [Hb02] in some subjects during brain activation. From the present data it cannot be decided which of these explanations applies. The issue is of para mount importance for the interpretation of func tional neuroimaging techniques that assess brain function indirectly by measuring oxygenation changes within the microcirculation (Kwong et aI., 1992; Ogawa et aI., 1992) . To address this issue, more direct measurements of neuronal brain activ ity and intracellular metabolism must be performed simultaneously with measurements of Hb oxygen ation. This might be achieved by using electrophys iological techniques [magnetoencephalography (MEG), EEG brain mapping] and methods to assess intracellular metabolism [magnetic resonance (MR) spectroscopy). By measuring intracellular cytochrome-oxidase oxygenation simultaneously with Hb oxygenation, NIRS may also be useful in ad dressing this issue.
As NIRS is sensitive enough to elucidate physi ological changes that occur during normal aging, it seems plausible that it may also be useful for de tecting alterations during the development of brain pathology. Preliminary results of our group (Hock et aI., 1993) indicate that most patients with Alzhei mer's disease (like some of the healthy elderly sub jects in the present study) showed a pronounced decrease in [Hb02] during the performance of cog nitive tasks. The specificity of such findings and their significance in terms of underlying pathophys iology will require further studies.
In conclusion, despite some shortcomings of the present NIRS implementations, such as the poor spatial resolution and uncertainties in quantitation due to the lack of precise knowledge of the optical path length, NIRS has the potential to become a useful tool for noninvasively assessing cerebral Hb oxygenation in adults, offering information cur rently unavailable by any other noninvasive method in real time and at bedside. The method requires neither large expensive equipment nor an exoge nous contrast medium, unlike PET or MR imaging; the apparatus itself is easy to handle and portable. Current work on more precise quanti tat ion and spa tial localization methods using time-and frequency resolved NIRS (Delpy et aI., 1988; Wray et aI., 1988; Sevick et aI., 1991; Shinohara et aI., 1993) may further enhance the usefulness of this method.
